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s.  supPLCMCNrAny  notes 

The  data  acquisition  effort  associated  with  this  research  was  partially  supported  under 
NRL  work  unit  0990-0-1.  This  report  is  essentially  the  same  as  a  paper  presented  by  one 
of  the  authors  (J.M.G.)  to  the  Internal  URSI  Conference  held  in  Washington,  DC 
August  13, 1981. _  _ 
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etween  1  January  and  15  April  1981,  investigators  at  the  Naval  Research  Laboratory 
participated  in  a  comprehensive  Study  of  Scintillation  (SOS  ‘81)  in  the  American  longi¬ 
tude  zone  using  radio  receivers  installed  aboard  the  US  Navy  Research  Ship  USNS  Hayes 
(T-AGOR-16).  Both  UHF  and  L-band  data  were  obtained  using  the  transmissions  from 
the  Atlantic  FLTSATCOM  and  from  the  existing  complement  of  NAVSTAR/GPS 
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20.  AaSTRACT  (Contlnu^a) 

‘satellites  respectively.  This  report  describes  the  UHF  scintillation  dato  obtained  during 
the  Hayes  expedition  which  covered  geographic  latitudes  between  35°  N  and  50°  S  with 
considerable  concentration  in  the  Southern  Hemisphere. 

Strong  scintillation  at  250  MHz  was  observed  (>  20dB)  in  the  vast  nuyority  of 
nocturnal  periods  for  which  the  magnetic  dip  ^gle  (I)  was  within  ±40°  of  the  magnetic 
dip  equator.  This  corresponds  to  roughly  ±30^  in  geomagnetic  latitude.  This  suggests 
that  a  substantial  expansion  in  the  equatorial  UHF  scintillation  zone  should  be 
incorporated  into  existing  models.  It  is  thought  that  this  new  result  may  be  circum¬ 
stantially  related  to  the  enhanced  solar  activity  during  the  period  of  observation. 
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1.0  INTRODUCTION 

Equatorial  irregularities  are  known  to  give  rise  to  amplitude  (and 
phase)  scintillation  of  earth-space  radiowaves.  This  phenomenon,  analogous  to 
the  twinkling  of  stars  in  the  optical  part  of  the  electromagnetic  spectrum, 
has  been  the  object  of  research  for  several  decades.  Many  excellent  papers 
have  been  published  outlining  the  geomorphology  and  basic  physics  underlying 
this  extremely  rich  and  interesting  phenomenon.  (Aarons,  1978;  Crane,  1974; 

Basu  and  Kelly,  1979;  and  recently  Basu  and  Basu,  1981].  NRL  and  AFGL 
scientists  have  contributed  to  this  field  through  direct  (in-situ) 
measurements  of  ionospheric  plasma  characteristics  in  conjunction  with 
ionospheric  plume  formation  in  the  equatorial  spread  F  environment 
[Szuszczewicz  et  al,  1980;  Narcisi  and  Szuszczewicz ,  1981).  In  addition,  a 
more  fundamental  understanding  of  equatorial  scintillation  has  been  derived 
from  computational  physics  experiments  undertaken  by  the  NRL  Plasma  Physics 
Group  [Ossakow,  1979]  and  a  review  of  various  spread  F  theories  has  been 
published  [Ossakow,  1981] . 

Experimental  studies  detailing  scintillation  properties  abound  in  the 
literature,  and  many  interesting  new  results  have  been  forthcoming  during  the 
current  (now  receeding)  solar  maximum  epoch.  Indeed,  it  was  the  result  of  the 
anticipated  increase  in  scintillation  at  UHF  in  the  equatorial  zone  in  1980-81 
[Goodman,  1980]  which  led  to  the  experimental  program  discussed  in  this  paper. 

The  US  Naval  Research  ship,  USNS  Hayes  (T-AGOR-16)  and  shown  in  Figure  1, 
was  scheduled  to  participate  in  various  oceanographic  studies  during  the  first 
half  of  calendar  1981,  and  measurements  were  to  be  made  throughout  the 
Atlantic  basin  between  Northern  temperate  latitudes  to  approximately 
Antarctica  in  the  Southern  hemosphere.  This  expedition  provided  a  unique 
opportunity  to  examine  the  scintillation  phenomenon  over  a  wide  range  of 
latitudes  under  nearly  solar  maximum  conditions. 

Therefore  plans  were  made  to  obtain  data  pertaining  to  the  ionospheric 
personality  in  the  maritime  environment  during  the  expedition.  Accordingly,  a 
Navy  UHF  Receiver,  an  AN/SSR-1,  (the  antenna  component  is  shown  in  Figure  2) 
was  installed  on  the  Hayes  along  with  a  High  Dynamics  User  Equipment  (HDUE) 

GPS  receiver.  These  systems  would  allow  recording  of  UHF  (249  MHz) 
transmissions  of  the  Navy  FLTBCST  channel  of  the  Atlantic  FLTSATCOM  (a 

synchronous  tactical  communication  satellite  located  at  geosynchronous  ' 

altitude  at  a  longitude  of  approximately  22‘’W)  and  the  existing  complement 
of  NAVSTAR  Global  Positioning  System  (GPS)  satellites.  In  view  of  a  number  of 
exigencies  associated  with  delay  in  acquisition  of  the  necessary  GPS  HDUE 

Receiver  and  the  necesary  system  checkout,  the  GPS  data  was  not  available  for  ; 

the  whole  expedition  and  is  not  detailed  herein.  The  UHF  data  were  obtained 

for  the  length  of  the  cruise  and  are  the  subject  of  this  paper.  Figure  3 

shows  the  coverage  pattern  of  the  Atlantic  FLTSATCOM,  Figure  4  shows  the  track 

of  the  Hayes,  and  Figure  5  shows  the  geographic  latitude  variation.  It  is 

clear  that  most  of  the  expedition  was  concentrated  in  the  Southern  hemisphere. 
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2.0  EXPERLMENTAL  OBSERVATIONS 


To  our  surprise  the  occurrences  of  nocturnal  scintillation  were 
detected  much  earlier  (i.e.,  at  higher  geomagnetic  and  geographic  latitudes) 
than  anticipated.  The  first  occurrence  of  nocturnal  scintillation  (greater 
than  30  dB)  was  evidenced  on  7  January  1981,  the  seventh  day  of  the  cruise. 
This  was  at  23.33°N,  46.97°W  in  geographical  coordinates  and  at  an 
approximate  geomagnetic  latitude  of  34‘3n.  This  was  of  course,  not 
anticipated  on  the  basis  of  predictions.  Evidently  solar  maximum  conditions 
(the  international  sunspot  number  was  "only"  89  on  1-7-81  but  its  long-term 
average  was  higher  than  this)  had  enhanced  the  zone  of  scintillation 
occurrence.  This  is  of  course,  an  heuristic  deduction. 

Figure  6  is  an  example  of  a  record  of  UHF  scintillation  for  Julian  Day 
61/62  (2-3  March  81)  between  2300  GMT  and  0600  GMT.  Scintillation  was  deep 
but  not  totally  continuous  (sharp  breaks  were  evidenced).  The  center  of  the 
chart  (0200  GMT)  is  approximately  midnight  LMT.  It  is  noteworthy  that  the 
AN/SSR-1  receiver  experienced  heavy  "fault"  activity  during  the 
scintillation.  This  is  important  for  communication  purposes. 

Analog  tape  and  strip  charts  were  obtained  during  the  course  of  the 
expedition.  They  were  returned  to  NRL  for  processing. 

3.0  DATA  ANALYSIS  .AND  PRESENT.ATION  OF  RESULTS 

3.1  Geographical  V'ariaCion 

The  field  data  were  time-tagged  every  15  minutes  for  the  entirety  of 
the  104  days  of  the  Hayes  expedition  and  scaled  for  maximum  fade  level  and 
peak-to-peak  scintillation  over  each  15  minute  interval.  This  was  done  to 
survey  the  data  prior  to  the  specification  of  high  interest  regions  for 
detailed  processing,  including  spectral  analysis  and  correlation  of 
scintillation  events  with  communication  system  default  indications,  which  were 
also  recorded. 

Figure  7  is  a  plot  of  the  maximum  quarter-hourly  UHF  peak-to-peak 
scintillation  (dB)  observed  between  day  1  and  day  104  of  the  expedition. 

Figure  8  is  the  maximum  quarter-hourly  UHF  fade  depth  (dB).  Upon  comparison 
with  Figure  5  it  is  clear  that  there  is  a  paucity  (indeed  non-existence)  of 
scintillation  when  the  ship  was  above  23°N  or  below  38°S,  but  there  was 
strong  scintillation  within  these  latitudes. 

Figure  9  and  10  show  the  daily  variation  of  the  maximum  quarter-hourly 
peak-to-peak  scintillation  (dB)  and  fade  depth  (dB)  respectively.  The  circles 
represent  the  amount  of  scintillation  with  radii  being  proportional  with  the 
magnitude  which  ranged  between  0  and  about  40  dB. 

Of  some  interest  also,  is  the  geographical  distribution  of  scintillation 
duration.  This  is  depicted  in  Figure  11.  In  this  case  we  have  presented  in 
graphical  form  circles  whose  radii  are  proportional  to  the  number  of 
quarter-hourly  intervals  for  which  the  scintillation  exceeded  20  dB.  The 
maximum  circle  dimension  corresponds  to  roughly  32  intervals  (8  hours).  It  is 
noteworthy  that  there  were  51  days  during  the  104  day  cruise  for  which 
scintillation  exceeded  20  dB  for  at  least  one  (1)  quarter-hourly  interval. 
Overall  about  200  hours  of  scintillation  (  >  20  dB)  was  encountered.  This 
corresponds  to  about  7%  of  the  total  observation  time  including  latitude  zones 
where  scintillation  would  not  be  expected,  and  daytime  periods  where 
scintillation  is  scarcely  observed. 
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Returning  to  Figures  9  and  10,  we  note  that  within  the  scintillation  zones 
there  are  breaks  in  occurrence  of  scintillation.  In  all  there  were  63  days  in 
which  scintillation  was  observed  and  13  days  for  which  scintillation  did  not 
occur  within  the  discerned  scintillation  zone,  (the  Hayes  being  within  the 
scintillation  zone  approximately  78  days).  Thus,  nocturnal  scintillation 
within  the  zone  occurred  on  84%  of  the  "opportunities".  The  reason  for  these 
periods  of  no  scintillation  is  not  known. 

3.2  Organization  of  Data  by  Geomagnetic  Dip  Angle 

Figures  12  and  13  are  plots  of  the  maximum  daily  quarter-hourly 
values  of  peak-to-peak  scintillation  (dB)  and  scintillation  fade  depth  (dB) 
respectively.  Although  the  number  of  data  points  is  sparse  in  the  Northern 
hemisphere,  certain  tendencies  are  clear.  First,  there  is  a  sharp  cut-off  of 
scintillation  when  the  dip  angle  (I)  of  the  geomagnetic  field  exceeds  40°  in 
absolute  value.  Secondly,  there  is  a  tendency  for  the  scintillation  to  be 
somewhat  diminished  at  the  dip  equator  itself.  This  would  have  been  predicted 
based  upon  past  studies. 

Figure  14  depicts  the  duration  of  strong  (>20dB)  scintillation  for  each 
day  organized  in  terms  of  magnetic  dip  angle.  Aside  from  the  manifestations 
of  the  |l|>40°  cut-off,  there  is  no  obvious  pattern.  The  greater  scatter 
in  the  Southern  hemosphere  may  simply  be  the  result  of  more  opportunities  in 
that  region. 

3.3  Diurnal  Variation  of  Scintillation 

There  is  also  a  wide  variation  in  the  behavior  of  scintillation  with 
respect  to  the  diurnal  cycle.  Figure  15  shows  a  more  typical  example  of  the 
quarter-hour  fading  range  with  respect  to  the  mean  signal  level.  Figure  16  is 
the  magnitude  of  the  fading  range  (peak-to-peak  in  dB).  Figure  17  shows  that 
scintillation  occurrence  during  the  night  may  be  quite  erratic. 

3.4  Distribution  of  Scintillation  Depth 

Two  types  of  distributions  typically  occur,  but  again  there  are  wide 
variations.  The  more  distinctive  types  are  shown  in  Figures  IS  and  19. 

Figure  18  shows  essentially  an  "on-off"  type  of  scintillation;  whereas  Figure 
19  shows  the  two  equally  probable  distributions  sometimes  occur  on  a  given 
day,  one  corresponding  to  somewhat  moderate  fading  amplitude  and  the  second 
corresponding  to  strong  scintillation.  There  was  virtually  never  a  situation 
for  which  only  moderate  fading  was  observed  on  any  given  day. 
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4.0  DISCUSSION  OF  RESULTS 


The  strong  intensity  of  the  UHF  scintillation  observed  during  the 
Hayes  expedition  precludes  specification  of  an  unambiguous  diurnal  and 
geographical  distribution  of  equatorial  irregularities  responsible  for  the 
effect.  However,  the  expanded  latitudinal  distribution  is  quite  noteworthy. 
The  L-band  signals  from  the  GPS  satellite  obtained  during  a  portion  of  the 
expedition  may  partially  assist  in  the  elucidation  of  the  irregularity 
formations.  In  particular,  since  the  Total  Electron  Content  (TEC)  of  the 
ionosphere  may  be  extracted  from  the  GPS  data,  it  may  be  possible  to  correlate 
depletion  zones  with  the  observed  scintillation  [Klobuchar,  1978;  Yeh  et  al, 
1979].  Of  primary  interest  is  the  location  of  the  crests  of  the  Appleton 
anomaly  in  the  Northern  and  Southern  hemospheres.  Since  the  scintillation 
amplitude  is  likely  to  be  the  product  of  ambient  density  and  irregularity 
amplitude,  scintillation  might  be  expected  to  be  larger  near  the  crest  than 
within  or  on  the  poleward  sides.  However,  this  is  an  heuristic  deduction  and 
not  a  rigorous  argument.  Nevertheless,  it  has  been  recently  shown  that  GHz 
scintillation  is  abnormally  pronounced  near  Ascension  Island,  not  far  to  the 
east  of  the  near-equatorial  Hayes  measurements  [Aarons  et  al ,  1981).  This 
intense  scintillation  is  not  replicated  at  similar  geomagnetic  latitudes  away 
from  the  Atlantic  basin. 

According  to  the  model  of  scintillation  developed  by  Fremouw  and  Rino 
[1978],  the  scintillation  index  S4  exhibits  twin  peaks,  the  midpoint  of 
which  lies  on  the  geomagnetic  equator.  The  diurnal  pattern  of  this  feature  is 
illustrated  in  the  sequence  of  Figures  20-22.  (The  plots  are  contours  of 
scintillation  index  at  fixed  Universal  times  for  the  case  of  250  MHz 
transmissions  from  FLTSATCOM  located  at  0°,  23°W.  The  shaded  region  is 
the  zone  for  which  S4  is  greater  than  or  equal  to  unity  according  to  the 
model.  (Solar  maximum  conditions  are  assumed  with  the  10.7  cm  solar  flux 
index  ••  200,  and  Kp  =  6).  The  model  suggests  that  the  S4  =•  1  condition  is 
a  relatively  narrow  bifurcated  band  of  latitudes.  On  the  other  hand,  the 
Hayes  data  indicates  that  the  S4  =  1  condition  is  significantly  larger  than 
this  -  perhaps  encompassing  virtually  all  of  the  South  American  latitude 
region.  This  discrepancy  is  now  being  scrutinized  very  carefully.  It  is 
remarked  that  in  the  American  Sector  the  magnetic  equator  lies  12°S  of  the 
geographic  equator  at  85°W  geographic  latitude.  Furthermore,  the 
geomagnetic  field  strength  is  relatively  lower  in  the  American  sector  than 
other  zones,  say  the  Asian  sector.  These  distinguishing  features  in  the 
American  zone  make  the  results  obtained  during  the  Hayes  expedition  quite 
interesting. 

For  completeness,  a  comment  on  solar  and  magnetic  activity  is  in  order. 
Figures  23-25  show  the  International  sunspot  number  (Rj),  the  10.7  cm  flux 
index,  and  the  Fredericksburg  "A"  index  respectively.  It  is  clear  that  the 
solar  activity  is  quite  large  during  the  observation  period.  However,  the 
magnetic  activity  levels  were  not  particularly  large  except  on  isolated 
occasions;  its  impact  may  have  been  minor.  It  has  been  suggested  that  whereas 
solar  activity  has  a  positive  effect  on  equatorial  scintillation  levels,  the 
impact  of  magnetic  activity  control  is  to  diminish  the  S4  index.  If  this  is 
the  case  we  have  the  situation  for  which  values  of  both  of  the  external 
"driving  functions  -  Rj  and  A"  serve  to  enhance  scintillation  around  the 
equatorial  zone. 
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Fejer  et  al  11979]  have  suggested  that  during  solar  maximum  conditions  the 
higher  altitude  of  the  F2  maximum  (caused  by  enhanced  electric  fields)  may 
cause  more  efficient  mapping  of  strong  irregularities  to  the  Appleton 
(Equatorial)  anomaly  crest  regions.  These  crests  and  their  diurnal  behavior 
have  been  discussed  earlier  by  Anderson  et  al  [1973].  The  Appleton  anomaly 
begins  during  the  daytime  (1100  LMT)  and  progresses  toward  the  poleward 
direction  (larger  dip  angles).  The  anomaly  reaches  its  maximum  development  at 
around  2000  hours  (LMT)  with  the  crest  nearest  to  the  geographic  equator  being 
the  greatest.  At  0200  LMT  the  asymmetry  reverses  and  the  crest  farthest  from 
the  geographic  equator  is  greatest.  Thus,  the  Northern  hemisphere  anomaly 
crest  would  be  largest  in  the  American  zone  prior  to  midnight  and  the  Southern 
crest  would  be  greatest  after  0200  LMT.  At  around  2000  hours  (LMT)  the  crests 
are  predicted  to  reach  +16°  dip  latitude  (+32°  dip  angle).  The  current 
(Hayes)  data  show  scintillation  having  a  sharp  cut-off  close  to  a  dip  angle  of 
MO  °.  This  is  not  totally  inconsistent.  Furthermore,  the  Anderson 
theoretical  study  is  based  upon  an  R2  of  107  and  the  current  results  were 
obtained  for  somewhat  higher  solar  activity  levels. 
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Fig4  3  -  Coverage  pattern  of  the  various  FLEETSATCOM  satellites. 
The  Atlantic  FLTSATCOM  is  located  at  approximately  23  W  longitude. 
The  satellite  is  also  shown  on  the  right  of  the  figure. 
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Fig.  9  -  Representation  of  the  dally  variation  of  the  maximum  quarter- 
hourly  peak-to-peak  scintillation  (dB).  The  circle  size  Is  proportioned 
to  the  magnitude  of  the  scintillation  and  should  not  be  confused  with 
an  "area"  of  scintillation.  The  actual  data  points  are  at  the  center 
of  circles. 
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Fig.  11  -  Same  as  for  Figures  9  and  10  except  the  niimber  of  quarter-hour 
intervals  for  which  the  scintillation  exceeded  20  dB  per  day  is  presented 


MAXIMUM  UHF  SCINTILLATION  -US-  MAGNETIC  DIP  ANCLE 
FROM  THE  CRUISE  OF  THE  USNS  HAYES 


MAGNETIC  DIP  ANGLE  -  DEG 


Fig.  12  -  Maximum  daily  quarter-hour  values  of  peak-to-peak 
scintillation  (dB)  versus  magnetic  dip  (I)  angle 
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MAXIMUM  UHF  DEPTH  OF  FADE  -US-  MACMETIC  DIP  ANGLE 
FROM  THE  CRUISE  OF  THE  USHS  HAYES 


MAGNETIC  DIP  ANGLE  -  DEG 

Fig.  13  -  Same  as  Figure  23,  except  Fade  depth  (dB)  is  considered 
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NUMBER  OF  SC  I  NT.  OBS.  >  20  DB  -US-  MAGNETIC  DIP  ANGLE 
FROM  THE  CRUISE  OF  THE  USNS  HAVES 


MAGNETIC  DIP  ANGLE  -  DEG 


Fig.  14  -  Same  as  Figures  12  and  13,  except  the  number  of  occurrences 
for  which  the  maximum  quarter-hourly  peak-to-peak  scintillation  exceeded 
20  dB  is  considered 
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DISTRIBUTION  OF  AGO  DATA  FROM  HAYES 
date:  810121  LAT:  -24.79  LOH:  -34.48 


MAX-MIN  ACC  IN  DB 

Fig.  19  -  Distribution  of  fading  depths  for  January  21,  1981 
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-108  -  98  -  88  -  78  -  68  -  58  -  48  -  38  -  28  -18  -  8  2  12  22  32  42  52  62 

LONGITUDE 

Fig.  20  -  "Map"  of  UHF  scintillation  for  250  MHz  transmissions  from 
the  Atlantic  FLTSATCOM  (23°W),  under  solar  maximum  conditions  (15  Feb) 
The  local  time  is  approximately  2  hours  following  sunset  at  the  sub- 
satellite  point  (2130  UT).  (S,  *  1  within  the  shaded  region). 


-88  -  78  -  68  -  58  -  48  -  38  -  28  -18  -  8  2  12  22  32  42  52  62 

LONGITUDE 

Same  as  20,  except  the  local  time  is  about  four  hours  after 
sunset  at  the  subsatellite  point  (2330  UT) 
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-108  -  98  -  88  -  78  -  68  -  58  -  43  -  38  -28  -18  -  8  2  12  22  32  42  52 


LONGITUDE 

Fig.  22  -  Same  as  20  and  21,  except  the  local  time  is  approximately 
midnight  at  the  subsatellite  point  (0130  UT) 


INTERNATIONAL  SUNSPOT  NUMBER  FOR  EACH  DAY 
DURING  THE  CRUISE  OF  THE  USHS  HAYES 


23  -  Sunspot  Number  R_  vs.  day  of  expeditic 


DAYS  OF  YEAR  1981 
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Fig.  24  -  10.7  cm  solar  flux  vs.  day  of  expedition 


FREDERICKSBURG  'A'  INDEX  FOR  EACH  DAY 
DURING  THE  CRUISE  OF  THE  USNS  HAVES 
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